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Abstract 
Hadfield steels are widely used in the production of liners for rock crushing applications due to their good wear resistance and 
high toughness. Because of the high replacement frequency and cost of these liners, improvements in the properties of Hadfield 
steels may represent a great economic benefit for mining operators. Therefore, correctly assessing wear performance is a relevant 
matter in the research and development activities regarding Hadfield steels. However, conventional laboratory tests may not 
accurately mimic the conditions of impact and gouging abrasion occurring in crushing applications. Field tests may represent a 
complementary source of information particularly useful in the optimization of Hadfield steels. In this work, the wear 
performance of two Hadfield steels was investigated through field testing. Their characteristics included high carbon content and 
two different levels of manganese content. Two sites were chosen for the assessment: a pebble crushing plant and an aggregate 
plant. The first site presented very hard material and compression crushing conditions, whereas the second site presented impact 
crushing conditions. The use of field tests allowed comparing wear ratios between both steels and it also permitted to identify 
critical issues constraining steels performance, such as microstructure embrittlement. Despite some limitations, the results from 
the field tests demonstrated that better wear performance was associated with higher manganese content. 
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1. Introduction 
Almost all crushing equipment employed in the mineral processing industry is conditioned by the wear 
performance of their liners. Therefore, enhancing the wear performance of the materials involved in liner 
manufacture has always been a challenge for the metallurgical industry. Thanks to its good wear resistance and high 
toughness properties, Hadfield steels are one of the most commonly found materials in crushing liner production. 
However, research on Hadfield steels wear properties requires two special considerations. One is the presence of 
impact during crushing operation. The other is the influence of casting thickness on the mechanical properties of the 
steel. These two considerations are difficult to reproduce by using common laboratory tests. This work addresses the 
application of field tests to assess the performance of crushing liners in terms of wear ratio and service life. These 
liners were produced with two different Hadfield steels, one with 12% Mncontent and the other with 16% Mn 
content. Both steels where produced with 1.4% Ccontent, in order to increase their wear resistance. 
Hadfield steels are a particular type of austenitic manganese steel denominated after its 19th century British 
inventor, R. Hadfield. For crusher liner manufacturing, the main controlling factors for optimum performance of a 
Hadfield steels are the heat treatment, the pouring temperature and the chemical composition. These factors must 
always be considered in relation to casting thickness, which is usually between 30 mm and 200 mm in crushing 
applications; Maratray (2006),Kuyucak and Zavadil (2003).  
Chemical composition is a determinant factor in the resulting mechanical properties of the Hadfield steel. The key 
components controlling wear performance are carbon and manganese; Maratray (2006). In literature, it is widely 
established that the practical limit of carbon in solution is about 1.2%. High carbon content in Hadfield steels 
increases wear resistance. Conversely, manganese acts as an austenitic stabilizer and delays isothermal 
transformation of the phases, by keeping carbon in the austenitic matrix. Carbon contents of approx. 1.4% are rarely 
used since carbon tends to segregate to the grain boundaries as carbides; Lencina et al. (2013a). Santos et al. (2010) 
have presented evidence that this segregation or carbide re-precipitation will result in the embrittlement of the 
microstructure. Grain boundary precipitation is an important phenomenon to be considered during production of 
large cast pieces (e.g. cone crusher liners). If casting thicknesses are larger than 100 mm, embrittlement can cause a 
significant loss of toughness; Lencina et al. (2013b). In industrial conditions, carbide re-precipitation could be the 
consequence of inefficient heat treatment.Therefore, an inefficient heat treatment may lead to failure of the final 
product during operation at the mine or quarry; Kuyucak and Zavadil (2003).  
In the mining industry, it is widely accepted that Hadfield steels abrasive wear resistance depends on the presence 
of impact during the crushing operation. In crushing applications, abrasive wear can be associated with heavy or 
moderate impact or no impact at all, depending on the equipment and the circuit configuration. The presence of 
impact is important because deformation is a necessary prerequisite for the workhardening of Hadfield steels. The 
wear resistance of Hadfield steels is mainly the result of the phase transformation of austenite into martensite, which 
occurs on a thin layer of the surface of the material; Hawk (2001), Garcia et al. (2005).  
The comparison between laboratory results and industrial performances is particularly inaccurate in situations 
where the industrial application involves considerable impact (or repeated impact), because laboratory test can 
hardly simulate these impacts. Thus, the use of the pin-on disc tests for wear assessments of Hadfield may produce 
inaccurate results. Moreover, research conducted in the laboratory scale can seldom representatively replicate the 
characteristic of the feed material that acts as abrasive during crushing operation; Sare and Constantine (1997). 
In discussing metallic wear, it is largely acknowledged that wear resistance is not an inherent material property. 
Consequently, there is not a single laboratory test or standard available that accurately measures wear performance 
in crushing processes. The loading conditions in service must be suitably mimicked by a laboratory test in order to 
estimate or predict the wear rate of a crusher liner; Hawk (2001),Sare and Constantine (1997). 
Another important factor controlling wear in Hadfield steels is the force transmission mechanism from the 
machine to the rock. Cone crushers work mostly by compression of the abrasive material, whereas horizontal shaft 
impactors comminute by impact rather than compression, by applying sharp blows at high speed to free-falling rock. 
One of the main wear mechanisms in compression and impact crushing is gouging abrasion, i.e. the removal of large 
volumes of material per event from the wear surface.  Hadfield steels have relatively good performance exposed to 
gouging abrasion because of its good mechanical properties. That is the reason why they are so widely diffused in 
crushing applications; Hawk (2001), Wills et al. (2006), Yao and Page (2000). 
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Hadfield steels properties are closely linked to casting thickness, which means that the use of small laboratory 
probes for some measurements may not be accurate. Conversely, field tests should be closer to reality since they 
employ industrial equipment. However, due to the high cost, time consumption and difficulty in controlling field 
conditions, systematic studies in the field are relatively rare in crushing operations, Sare and Constantine (1997). 
Nevertheless, field tests do not suffer from the many deficiencies associated with laboratory wear tests. With 
appropriate care and correct design of the experiments, real service conditions could be emulated. These conditions 
are not only those concerning wear, but also environmental factors, loading patterns, and frequencies. Furthermore, 
data from a field test do not necessarily have to be comparative as it is the case with laboratory test results. Absolute 
data can be obtained, which may be used to predict or estimate real liner performance in service; Sare and Mardel 
(2005). 
The sources of variability in field testing are many. A common source of variability is the change of liners not 
completely worn out due to regular maintenance shutdowns. Sometimes, the incomplete lifetime of the component 
will be recorded, which adds up to the inaccuracy of the field test. In addition, only running time data rather than the 
exact amount of crushed material may be recorded. Other sources of variability that can be mentioned are the ore 
bodies, the mechanical condition of the equipment, the uneven feeding of the crushers, and the operation of the 
crusher itself. Therefore, field test results will be expected to be more variable than those from laboratory-scale. 
However, if performed carefully, they could provide more realistic information about wear performances expected in 
crushing operations; Sare and Constantine (1997). 
2. Materials and methods 
Two types of steels were produced for the tests by a company located in Udine, Italy. The smelting was 
performed with a 10-ton capacity rotary smelting furnace. This furnace was charged mostly with manganese steel 
scrap and ferroalloys such as FeNb and FeMnC.  
Table 1 shows the results of the chemical characterization, which was performed with a Thermo ARL3460 Metals 
Analyzer optical emission spectrometer. The characterization confirmed that both steel compositions were outside 
ASTM A128 specifications in terms of carbon and chromium content. Thus, the steels were labeled ad hoc: Hdf12 
for the steel with 12% Mn, and Hdf16 for the steel with 16% Mn content. 
Table 1. Chemical composition of the Hadfield steels. 
(wt%) C Mn Cr Mo Ni Si P S Nb 
Hdf12 1.46 12.50 1.46 0.10 0.20 0.53 0.030 0.001 0.12 
Hdf16 1.41 16.68 1.53 0.08 0.13 0.48 0.034 0.003 0.11 
 
The Hdf12 and Hdf16 steels were cast into olivine sand moulds. The sand moulds were bond using sodium 
silicate and contained the shapes of the pieces (liners) to be produced: mantles, concaves and bars.  After casting, the 
moulds were left to cool down at room temperature.  
A mantle and a concave liner formed a set of cone crusher liner. Their combined weight was approximately 2478 
kg. Two sets were cast in Hdf12 steel, and one set in Hdf16 steel.  
Three bars formed a set of blow bars for a horizontal shaft impactor. Each set weighted approximately 1089 kg. 
One set was cast in Hdf12 steel and the other one in Hdf16 steel.   
All castings underwent an austenitization treatment consisting of: a 3.66 °C/min heating ramp from 20 °C to 1120 
°C; a 60 min hold time at 1120 °C; water quenching with 4% salt content at room temperature. 
All field tests were performed employing the rock normally found on site. Thus, the abrasive materials used were 
pebble (andesite rock) for the cone crusher tests and dolomite for the horizontal shaft impactor tests. In order to 
standardize the petrographic information available in both testing sites, Metso’s classification system was used. This 
system classifies in five categories the rocks according to their crushability and abrasiveness characteristics. 
361 Rodrigo Lencina et al. /  Procedia Materials Science  9 ( 2015 )  358 – 366 
2.1. Field tests in pebble crushing plant 
The tests were carried out in the pebble crushing circuit installed at a copper mine located in northern Argentina.  
The pebble was a by-product of a SAG grinding process. This material was mainly andesite with an average work 
index of 22; moisture content of approx. 1%; and free from clay. According toMetso’s classification, the material 
was very difficult in the crushability index and medium in the abrasiveness index.  
The pebble crushing circuit was composed by: an ore bin, four cone crushers, and two banana screens. Fig. 1(a) 
presents the flowsheet of the circuit.  A SandvikCR660 cone crusher was used for the three tests. The machine 
throughput was 300-350 t/h with a 12 mm closed side setting (CSS). The operation parameters were: 200-275 kW 
and 2.4-4.8 MPa. The liners were mounted in the machine without re-heating. In addition, epoxy resin was used as 
backing material. The banana screens, with a 12 mm gap, closed the circuit and recirculated the coarse material back 
to the ore bin. The circulating load ratio was approximately 1.4. The total test period was approximately of three 
months. 
2.2. Field tests in aggregate crushing plant 
The tests were carried out in an aggregate quarry located in Udine, Italy. The aggregate material was mainly 
dolomitic rock composed of: 38.3% dolomite, 36.6% of other calcareous materials, and 25.1% silica and silicates. 
According to Metso’s classification, the material was medium in the crushability index and slightly abrasive in the 
abrasiveness index.  
The circuit was composed of: an ore bin, a horizontal shaft impactor, and a three deck screen. Fig. 1(b) presents 
the flowsheet of the circuit. Firstly, washing was performed to free the material from fines; then the ore bin was fed 
with the clean material. Secondly, the Cedarapids 1300 horizontal shaft impactor comminuted the material using the 
following parameters:  85 t/h throughput and 53-65A power draw. Finally, the screen, with a top mesh of 19.6 mm, 
closed the circuit and re-circulated the oversize back into the ore bin. The circulating load ratio was approximately 
1.2. The total test period was approximately of two months. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Processes flowsheets: (a) pebble plant; (b) aggregate plant. 
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2.3.  Sampling and metallurgical characterization 
Owing to the fact that both testing sites possessed different equipment and sampling facilities, a simple approach 
of data collection was implemented. Therefore, only service hours, hydraulic pressure, and power draw were 
recorded. Moreover, neither plant had weightometers to measure throughput being fed to the crushers. 
Consequently, in order to estimate productivity, rock samples were frequently cut on the conveyor belts (1 m long 
sample technique).  
All liners tested were weighted before and after each test. Additionally, visual inspections were carried out 
periodically during the performance of the tests; they were intended to check for fractures and wear anomalies. 
Furthermore, the worn out geometry of each liner was registered. Finally, after the tests, samples were cut from the 
liners for metallurgical characterization.   
Rock samples were periodically cut from the crusher feed and discharged product. They were used for particle 
size analysis according to ASTM specifications. 
Samples from each liner tested were mounted and polished using conventional metallographic techniques. 
Etching was performed with CogneUnico according to UNI3135-65 specifications: 2 g of picric acid, 6 ml of acetic 
acid, 10 ml of chloridric acid, and 100 ml of ethylic alcohol. The etching was performed at room temperature for a 
10–30 s period. This treatment was used to reveal the carbides present in the microstructure, particularly along the 
grain boundaries.   
The microstructure was first observed by optic microscopy (OM). Carbide morphology and composition were 
subsequently characterized using a Cambridge Stereoscan 440 scanning electron microscopy (SEM). The SEM was 
equipped with a Phillips PV9800 EDS (energy-dispersive X-ray spectrometer) microprobe for semi-quantitative 
analysis.  
Furthermore, Vickers microhardness was measured on the surface of the samples using a Shimadzu micro 
hardness tester (applied load of 200 gf). Finally, the metallurgical samples were machined into specimens for 
mechanical testing. Impact toughness was measured by the Charpy test in accordance with ASTM E23 type A 
specifications. 
3. Results 
3.1.  Field tests in pebble crushing plant   
All three tests ended due to failure of the mantle. During visual inspections, fractures were observed mostly on 
the middle-lower part of the mantle. Fractures were between 10 and 40 cm long and predominantly horizontal. Fig. 
2(c) shows a fracture in one of the Hdf16 mantles.  
Sampling results allowed to estimate the machine throughput at 265 t/h, (SD = 21). Productivity was calculated 
from this value. Table 2 shows the results for the three tests. 
Figs. 2(a)-(b) show the mantle and concave geometries before and after the test with Hdf16 steel. The mantle 
presented high wear in the middle-lower part. Liner thickness at this point was 34 mm, which represented about 
53% of wear. On the other hand, the concave presented most of the wear only in the lower part. 
Table 2.Service performance of cone crusher liners. 
Liner sets Weight loss (%) Service Time (h) Productivity(t) Wear(g/t) 
1° Hdf12 32.7 390  103000 7.84 (±0.63) 
2° Hdf12 27.9 456  121000 5.72 (±0.42) 
Hdf16 24.1 435 115000 5.18 (±0.41) 
 
At the beginning of the test with liners cast in Hdf16 steel, the results from granulometric analysis were F80=63 
mm for the feed and P80=14 mm for the product. However, at the end of the same test, the values were F80=80 mm 
and P80=22 mm. Likewise, the other two sets of liners, cast in Hdf12 steel, presented similar results in terms of 
wear geometry and granulometric analysis. 
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The metallographic characterization showed the presence of thin re-precipitated grain boundary carbides in the 
microstructure of both steels. This phenomenon was more evident in Hdf12 steel liners. In this case, the carbides 
formed a continuous network along the grain boundaries.  Conversely, the carbides observed in Hdf16 were mostly 
discontinuous precipitations along the grain boundary, as presented in Fig. 2(d). 
The network of grain boundary carbides observed in Hdf12 steels is presented in Fig. 3(a). Additionally, the 
semi-quantitative analysis of the carbides showed a higher content of chromium at grain boundary, as shown in Fig. 
3(b). Fig. 4 presents a graph of the microhardness profile of both steels after the test. The microhardness values on 
the surface were around 600-700 HV, whereas in the core of the liner were approx. 300 HV. Additionally, the 
results of the Charpy test were in average 50 J for Hdf12 steel and 225 J for Hdf16 steel.  
 
 
 
 
 
 
Fig.2. (a) Mantle, before and after the test; (b) concave before and after; (c) lower 
part of the mantle showing fractures; (d) microstructure of Hdf16 steel, the arrow 
points to a grain boundary with carbide precipitation; 100x, etched with cogneunico. 
Fig.3. (a) SEM image of Hdf12 steel microstructure showing a network of grain boundary carbides; (b) EDS spectrum from a grain 
boundary carbide, high content of chromium was observed 
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3.2. Field tests in aggregate crushing plant   
Both sets of blow bars were removed in good condition after the completion of the tests. Fig. 5(b) presents an 
image of a bar cast in Hdf16 steel after the test. Sampling results allowed to estimate the machine throughput at 85 
t/h (SD = 5). Productivity was calculated from this value. Table 3 shows the results for the two tests. 
Table 3. Service performance of blow bars. 
 Weight loss (%) Service Time (h) Productivity(t) Wear(g/t) 
Hdf12 18.2 71  6035 33 (±1.75) 
Hdf16 20.1 93 7905 28 (±1.48) 
 
Fig. 5(a) shows the bar geometry before and after the test with Hdf16 steel. Similarly, the other set of blow bars, 
in Hdf12 steel, presented comparable wear geometry. The results from the granulometric analysis were F80=125 
mm for the feed and P80=17 mm for the product. These values were constant from the beginning to the end of both 
tests. 
The metallographic characterization showed the presence of thin grain boundary carbides in the microstructure of 
both steels, similarly to the ones already presented in Fig. 2(d) for Hdf16 steel and Fig.3(a) for Hdf12 steel. For 
Hdf12 steel, there was a continuous network of carbides at grain boundary; whereas, for Hdf16 steel, the carbides 
were mostly discontinuous at grain boundary.  
Additionally, the results of the Charpy test were 65 J for Hdf12 steel and 198 J for Hdf16 steel. Furthermore, 
microhardness values, after service, were approximately 600-700 HVnear the surface of both steels. 
 
 
 
 
 
 
 
Fig. 4. Microhardness profile of the liners after the tests. 
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4. Discussion 
One of the main goals of these experiments was to compare the wear performance of two Hadfield steels, which 
contained a high carbon grade. Due to the particular characteristics of these types of steels, field tests were 
considered more adequate than traditional laboratory tests for the assessment. However, field tests had inherent 
limitations in terms of reproducibility and statistical support of the results.  
Despite the failure of three mantles in the series of pebble tests, some results were considered reliable for 
analysis, such as the wear rate and the final geometry. The wear rate of Hdf12 steel was clearly higher than Hdf16 
steel, although they both presented equal degree of work hardening.  
The fracture of liners was due to the embrittlement of the microstructure. Kuyucak and Zavadil (2003) 
demonstrated the relationship of carbide precipitation at grain boundary and the loss of impact toughness. Santos et 
al. (2010) showed that this problem is mainly due to ineffective quenching. Furthermore, they established a direct 
connection between the severity of the problem and casting thickness. Lencina et al. (2013b) presented the benefits 
of high manganese content to control carbide precipitation and the drawbacks generated by chromium. They 
presented SEM-EDS analyses showing carbides at grain boundary containing a high amount of chromium. 
Moreover, carbide precipitation impoverished the content of carbon in the austenite matrix; consequently the wear 
resistance decreased. Conversely, higher manganese content controlled carbide precipitation in Hdf12 and Hdf16 
steels and increased their wear resistance.   
Hdf12 and Hdf16 steels presented very different degrees of grain boundary carbide precipitation, as determined 
by direct observation and indirectly with the values of impact toughness. However, both steels equally failed during 
the pebble crushing tests. The severe conditions presented by the tests (i.e. compression crushing and very difficult 
crushability index) proved that even a small degree of embrittlement may induce a failure of the liner during 
industrial operation, as in the case of Hdf16 steel.  
Therefore, the field test demonstrated that the use of high carbon Hadfield steels may not be adequate for cone 
crushing applications, as long as grain boundary carbide precipitation is not tightly controlled during the fabrication 
process.  
The field tests in the aggregate plant presented more valuable results in terms of wear performance assessment. 
Clearly Hdf16 steel had a better wear performance because of its high content of manganese. 
The control of production performances (i.e. F80/P80) and power draw (power<65 A) allowed the removal of the 
blow bars before the end of their service life. Thus, the useful guidelines presented by Sare and Constantine (1997) 
for field testing in mineral processing were observed. 
Fig.5. (a) Geometry of the bar before and after the test in Hdf16 steel; (b) picture of a 
bar after test, the original length was 1200 mm. 
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In all five field tests carried out, Hdf12 and Hdf16 steels presented high values of workhardening. This hardening 
was produced by authentic abrasive rock, which was comminuted through very intensive impact or compression 
crushing mechanisms. Therefore, the wear rates presented in Table 2 and Table 3 could be considered more 
representative than those obtained by other testing methods.  
However, the conditions of the field tests presented in this work may be difficult to reproduce. In particular the 
severe conditions presented at pebble crushing process. Moreover, the small amount of tests performed did not allow 
for statistical analysis of the data. 
Nevertheless, there is little documented material describing field test assessments of Hadfield steels apart from 
commercial or manufacturers’ publications. Thus, the results presented in this work may provide some support for 
future investigations on the topic. 
5. Conclusion 
Liners were cast in two Hadfield steels, which contained 12% and 16% Mn and approximately 1.4% C. They 
were mounted in industrial scale crushers, and their wear performance was assessed.  
Although the field test methodology presented some limitations, the results of the assessment allowed to rank 
Hdf16 steel as the best in terms of wear performance. The better performance could be attributed to the higher 
content of manganese.   
The field tests allowed identifying an important limitation in the potential use of the steels, i.e. embrittlement, 
which was mainly due to high carbon content, chromium content and the casting thickness. These limitations would 
have been difficult to recognize by means of conventional tribology testing alone. Nevertheless, the field tests 
provided information that may not easily be compared with tests performed in other experimental conditions. 
Therefore, the value of the assessment is relative to the conditions presented (hard materials and compression, and 
impact in calcareous material), and can be used as a complement to more standardized studies of the Hadfield steels 
in laboratory and pilot scales. 
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